Adherent cells, cell sheets, and spheroids were harvested noninvasively from a culture surface by means of electrochemical desorption of a self-assembled monolayer (SAM) of alkanethiol.
Introduction
Scaffold-based tissue engineering approaches are beneficial for reconstructing several types of tissue, and have already been used in clinical treatments [1, 2] . However, most previous studies have reported abnormalities such as lack of appropriate long-term mechanical and metabolic functions as well as inflammatory responses and fibrosis [3, 4] .
These are due to mismatches between scaffolds and native matrices, spatial and temporal differences between cell growth and the degradation of scaffolds, a lack of proper vasculature, and the tissue-like organization of different cell types.
One of the potential methods for reconstructing well-organized cell-dense tissues in vitro is the use of cellular building blocks. To this end, many attempts have been conducted with microscale cell-laden hydrogels such as collagen and hyaluronic acid [5] [6] [7] . Microgels can be either assembled manually or using self-assembling approaches to generate 3-dimensional (3D) tissue constructs. A potential limitation with the use of hydrogels as a cell matrix is that it can result in tissues with decreased cell-cell contact and decreased cell density compared to those observed in native tissues and organs. An alternative approach to generate tissue building blocks is through the use of cell-dense aggregates such as cell sheets and spheroids [8] [9] [10] . For example, a culture surface modified with a thermo-responsive polymer has been used to obtain 2D cell sheets composed of autologous oral mucosal epithelial cells. The sheets have already been used in a clinical trial involving corneal transplantation, which promoted the recovery of weakened vision [11] . However, a drawback is that harvesting a cell sheet typically takes 30 to 70 min, the rate-limiting step being the hydration of the thermo-responsive polymer on the surface [12, 13] . Magnetic beads have also been used to assemble magnetically labeled cells and to form multilayered cell sheets [14] . A magnetic field is applied to collect cells and form a sheet on a non-adherent surface. The cell sheet can be harvested quickly upon removal of the magnetic force. Magnetic beads, however, influence gene expression and have cytotoxic effects depending upon the loading dose [15] . Thus, the development of biocompatible, easily applicable, rapidly collectable approaches is desired for building in vivo-like constructs for tissue engineering applications.
In this paper, we present a novel electrochemical method for engineering and harvesting cellular tissues in vitro (Fig. 1 ). In this method, cells are cultured on a self-assembled monolayer (SAM) of alkanethiol. The SAM is reductively desorbed from the gold substrate by the application of a negative electrical potential, which detaches cells and cell sheets from the gold surface in a reliable and rapid manner. The detached cell sheets could be used to form a multilayered cell sheet. Moreover, we applied microfabrication and microcontact printing (μCP) to harvest spheroids. Given its numerous advantages, this technology may be a useful tool for engineering cellular tissues in vitro.
Materials and methods

Materials and reagents
The reagents used for cell culture and tests were purchased from the following Materials used for the fabrication of the culture substrates were obtained from the following commercial sources: glass wafers (#7740, diameter: 76.2 mm, thickness: 500 µm) from Corning Japan, Tokyo, Japan; 10-carboxy-1-decanethiol, 7-carboxy-1-heptanethiol, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide from Dojindo Laboratories, Kumamoto, Japan; L-cysteine and N-hydroxysuccinimide from Wako Pure Chemicals, Osaka, Japan;
GRGDS peptide from Peptide institute, Osaka, Japan; a thick-film photoresist (SU-8) from MicroChem, Newton, MA, USA; liquid prepolymers of poly(dimethylsiloxane) (PDMS) from ShinEtsu Chemical, Tokyo, Japan; poly(ethylene glycol)-SH (PEG-SH, molecular weight 5000; NOF, Tokyo, Japan). All other chemicals were purchased from Sigma, St. Louis, MO, USA, unless otherwise noted.
Adsorption and desorption of SAMs
The adsorption of SAMs was monitored using a quartz crystal microbalance (QCM, Twin-Q; AS ONE, Osaka, Japan). Gold electrodes on the QCM were cleaned with piranha solution (H 2 SO 4 :H 2 O 2 , 3:1) and 1% sodium dodecyl sulfate. The electrodes were covered with SAMs by immersing them in 1 mM 10-carboxy-1-decanethiol in ethanol, 7-carboxy-1-heptanethiol in ethanol, and 1 mM L-cysteine in water for 30 min at room temperature, respectively. Finally, the QCM was rinsed with each solvent and water and dried.
The measurement was performed in air and the frequency change before and after the adsorption of the molecules was compared.
The desorption of the SAMs was performed and analyzed electrochemically [16] . Glass chips (15 mm × 8 mm) with a gold layer were prepared by sputter-depositing chromium (1 nm) and gold (40 nm). A circular active area (0.4 cm 2 ) was delineated on the electrode with a polyimide insulating layer. The surfaces were modified with any of the three thiol molecules mentioned earlier. Then, the substrates were rinsed with each solvent and water. Cyclic voltammograms were obtained with a three-electrode configuration in a 0.5 M KOH solution deoxygenated by bubbling nitrogen gas for 20 min. Electrochemical data were obtained using Autolab (Eco Chemie, Utrecht, The Netherlands). In this study, all potential values refer to those measured with respect to a Ag/AgCl electrode (#2080 A; Horiba, Tokyo, Japan).
Preparation of cells
Swiss 3T3 murine fibroblasts (RCB1642) were purchased from the Riken Cell Bank, Ibaraki, Japan, and were cultured in DMEM supplemented with 10% FBS. Male Wister rats weighing approximately 200 g (6-7 weeks old) were purchased from Oriental Bioservice Kanto, Ibaraki, Japan. All animal experiments conformed to the ethical guidelines of the University of Tsukuba. Hepatocytes were isolated from the liver of a rat by perfusion with 0.05% collagenase. Cell viability was assessed using the trypan blue dye exclusion assay, and cells with greater than 85% viability were used for culture. Hepatocytes were cultured in DMEM supplemented with 10 mg/L insulin, 7.5 mg/L hydrocortisone, 50 μg/mL epidermal growth factor, 60 mg/L proline, 5 mg/L linoleic acid, 0.1 μM CuSO 4 , 3 μg/L H 2 SeO 3 , 50 pM ZnSO 4 , 1 × 10 5 U/L penicillin, 100 mg/L streptomycin, 1.05 g/L NaHCO 3 , and 1.19 g/L HEPES.
Modification of the surface with SAMs for cell adhesion
To promote the adhesion of cells, the carboxyl terminals of the SAMs were coupled with a cell adhesion peptide through carbodiimide-mediated cross-linking ( Fig. 1A) . The substrates were immersed in an aqueous solution containing 10 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 10 mM N-hydroxysuccinimide under nitrogen for 30 min at room temperature to convert the carboxyl groups to amine-reactive esters. Immediately after rinsing in water, the esters were reacted with amino groups of the peptide in an aqueous solution of 50 μM GRGDS for 1 h. The amount of immobilized RGD peptide was determined with the QCM using the method mentioned in section 2.2. The substrates were rinsed with 70% ethanol for sterilization and placed in a 35-mm dish. To assess whether the immobilized RGD peptide was bioactive for cell adhesion, fibroblasts (1.25 × 10 5 cells/ml) suspended in 2 mL of the culture medium containing 1 mM soluble RGD peptide were seeded on the substrate and the number of attached cells were counted after 2 h of culture.
Detachment of single cells
Fibroblasts (1.25 × 10 5 cells/ml) in 2 mL of the culture medium were seeded in the substrate, and were cultured for 12 h at 37°C in 5% CO 2 in a humidified incubator. Then, the substrates were washed with PBS three times and connected to a potentiostat (HA-151;
Hokuto-Denko, Tokyo, Japan). At 1, 3, and 5 min of the application of −1.0 V, the substrates were washed gently, and the cells that remained on the substrate were counted on phase-contrast micrographs. For comparison, the same experiments were conducted with cells directly attached to a gold surface without the SAMs or when a potential of −0.5 V, which is insufficient to desorb the SAMs, was applied.
Formation of single and multilayered cell sheets
To induce the formation of cell sheets, fibroblasts (1.25 × 10 5 cells/ml) in 2 mL of the culture medium were seeded on the glass substrates (10 mm × 10 mm) with a 10-carboxy-1-decanethiol SAM and RGD peptides. The cells were cultured for 3 d until the cells covered the entire surface of the substrate. The cell sheets were detached by applying −1.0 V for 10 min. In forming multilayered cell sheets, a few drops of type I collagen solution (0.24% w/v) were poured onto the first cell sheet and gelled in a humidified incubator for 30 min at 37°C to facilitate the following manipulation. Subsequently, the cell sheet covered with collagen gel was detached from the culture surface, placed on another cell sheet, and incubated for 3 h. The two-layered sheet was again detached from the surface and stacked on another sheet to obtain three-layered cell sheets.
Batch formation of spheroids
The spheroid culture chip was designed to spontaneously form spheroids at the center of each cavity; these spheroids were collected by the application of a negative potential (Fig. 1B) .
The chip was fabricated by photolithography and µCP [17, 18] . The carboxyl terminal of the SAM was coupled with RGD peptides as mentioned earlier. The chip was thoroughly rinsed with distilled deionized water, followed by rinsing in 70% ethanol for sterilization.
The chip was placed in a 35-mm dish, and hepatocytes (4 × 10 5 cells/ml) in 2.5 mL of the culture medium were seeded. To evaluate the ammonia removal capacity of the hepatocyte spheroids, the culture medium was replaced with a fresh culture medium supplemented with 1 mM ammonium chloride. The ammonia concentration was measured using a commercial kit.
The ammonia removal rate (µmol/10 6 cells/day) was calculated from the decrease in ammonia concentration during 24 h after the replacement of the culture medium at predetermined times, and was normalized by the cell number at each time. The cell number was counted as the number of nuclei by using the crystal violet staining method. The nuclei number was converted to the cell number assuming a binuclear ratio of 1:1.45, which had been determined in a preliminary study. For comparison, the same measurements were conducted in a conventional monolayer culture on a type I collagen-coated surface.
Fluorescent and histological staining
Cell growth was monitored using a time-lapse video microscope (IX-71; Olympus, Tokyo, Japan). To identify viable cells in cell sheets and spheroids, dual fluorescent staining was carried out using FDA and EB [19] . 
Results and discussion
Adsorption and electrochemical desorption of SAMs
The analysis by QCM revealed that 10-carboxy-1-decanethiol, 7-carboxy-1-heptanethiol, and L-cysteine adsorbed on the electrodes with a density of 0.58 nmol/cm 2 , 0.45 nmol/cm 2 , and 0.38 nmol/cm 2 , respectively. The density of the closely packed monolayer of 10-carboxy-1-decanethiol on Au(111) is estimated to be 0.77 nmol/cm 2 [20] . Therefore, approximately 75% of the maximum amount was adsorbed in our case. The amount of the adsorbed molecules decreased with the decrease in the length of the alkyl chain, which agrees with previous reports [21] . The amount of RGD immobilized on the SAM of 10-carboxy-1-decanethiol was 88 ± 28 nmol/cm 2 , which was sufficiently high for the adhesion of cells since that in typical cases has been ~20 pmol/cm 2 at a maximum [22] . Cyclic voltammograms showed a clear dependence of peak potential on the length of the alkyl chain ( Fig. 2) . With longer chains, the peak potential shifted to the negative direction. The shift has been explained by van der Waals interactions between the alkyl chains [23] . Because these peaks were within the range of the electrical potential window of the electrode, we applied −1.0 V for the desorption of all the SAMs in the following experiments.
Separation of single cells from the gold surface
The gold surface modified with SAMs and RGD peptides was used for culturing and collecting cells. Fibroblasts readily attached and spread out on the surface (Fig. 3A) . By the inhibition with soluble RGD peptide, the number of attached cells at 2 h of culture was significantly reduced from 219 ± 9 cells/mm 2 to 39 ± 16 cells/mm 2 (the data represent mean ± SD of 3 independent experiments), suggesting that the cells were initially recognized and attached through the immobilized peptide. After culturing for 12 h, the cells were detached by applying the potential for 5 min. The cells were gradually detached from the adhesive end and became bright and round after the application of the potential (Fig. 3B) . These cells were withdrawn into a micropipette and found to be detached (Fig. 3C ).
To quantitatively analyze the detachment of cells, the number of cells that remained on the surface was counted at 1, 3, and 5 min after the application of the potential (Fig. 4 ). There was no significant difference in the initial number of cells at 12 h of culture among the four conditions (approximately 3.3 ± 0.61 × 10 4 cells/cm 2 ). For the conditions that used the SAMs and an electrical potential of -1.0 V, more than 50% and 95% of the cells detached from the surface within 1 min and 5 min, respectively. On the other hand, few cells detached from a gold surface in the absence of thiol molecules or when the potential was not sufficiently reductive (i.e., -0.5V). These results suggest that the detachment occurs mainly due to the electrically dependant desorption of the SAM.
There are a few reports concerning the use of electrochemical approaches for the detachment of cells. SAMs with electroactive sites that respond to electrical potentials have been used for micropatterning of cells by the detachment of cells from a selective region [24] .
Although the mechanism of the disruption of the SAMs is not exactly the same as in our case, cells were detached within several minutes, which is compatible with our observations. On the other hand, other stimuli such as temperature changes have been used for the detachment of cells [25] . In a surface modified with a thermo-responsive polymer, an incubation of longer than 50 min was necessary to detach more than 90% of the cells [13] . Although this time period was shortened by optimizing substrate structures and the ratio of co-grafting polymers, it still required 20 to 30 min [12] . This point appears to be particularly critical when the process is repeated a number of times for building up 3D cellular tissues. In addition, its widespread use is prevented since the method requires specialized devices for grafting thermo-responsive polymers and for maintaining the temperature at 37°C for preventing the undesired detachment of cells throughout the culture. Our method only requires commercially available materials, reagents, and an electric source such as a cell battery, thereby facilitating the utilization of the method in biological and medical laboratories and industries.
To examine the viability of the detached cells, the cells were left undisturbed and grown.
These cells spread again on the surface and proliferated vigorously ( Fig. 3D-F) , indicating that the potential did not exert a serious adverse influence on the cells. Others have also shown that the application of a negative potential does not cause any serious adverse influence on the cells when cells were grown in a cell-inert region that was modified with oligoethylene glycol-terminated SAMs after its electrochemical desorption; however, that study did not intend to detach cells and used a relatively high potential for a short time period (-1.2 V for 30 s) [26] . Although we conducted experiments with the three thiol molecules, no significant difference was observed between the molecules used. Considering the fact that the cells detached gradually from the adhesive end, the rate-limiting process appears not to be the electrical desorption of SAMs but the dynamic behavior of cells such as contraction of the cell membrane during the detachment. Therefore, we used 10-carboxy-1-decanethiol for the remainder of our studies. In combinations of two thiol molecules, it has been noted that phase-separated binary SAMs are formed on a gold surface and the domains of the molecule with the lower negative desorption potential are selectively removed by controlling the potential of the surface [27] . It remains to be seen whether such nanoporous SAM surfaces can be effectively used in our method for a more rapid processing.
Detachment of cell sheets
2D cell sheets were also detached from the surface by the application of a negative potential. Fibroblasts were cultured on the gold substrate with 10-carboxy-1-decanethiol and RGD peptide and grown to confluence for 3 d. Application of −1.0 V to the surface caused detachment of a single-layered cell sheet (10 mm × 10 mm) within 10 min (Fig. 5A ). FDA/EB staining showed that all the cells in the harvested cell sheet were viable (Fig. 5B ). Unlike cells collected by treatment with proteinase such as trypsin or collagenase, the cell sheet is expected to be harvested together with extracellular matrix (ECM) molecules that are deposited during the culture and intact cell membrane proteins such as gap junctions and growth factor receptors. Fluorescent immunostaining indicated that fibronectin still remained in the sheet after the detachment (Fig. 5C) . Although there is a possibility that alkane thiol molecules also remain bound in cell membrane proteins of the detached cells, because ECM molecules accumulate between the cell sheet and substrate during culture and have significantly larger molecular sizes compared with alkane thiol molecules, cells may increasingly become attached to ECM molecules rather than alkane thiol molecules over time.
The presence of ECM molecules enhances the expression of tissue-specific functions as well as allows for stacking on another cell sheet and subsequent adhesion to host tissues, as reported in cell sheets formed by using thermo-sensitive polymer-grafted surfaces [25] . To our knowledge, this is the first report concerning the use of electrochemical desorption of a SAM to collect 2D cell sheets.
Multilayered cell sheets
We successfully constructed multilayered sheets of fibroblasts or hepatocytes by stacking harvested cell sheets one by one. One of the harvested cell sheets was placed on another confluent monolayer. The cell sheets spontaneously adhered to each other. We then stacked the double-layered sheet on another sheet and fabricated triple-layered cell sheets. The process can be repeated to obtain multilayered cell sheets. As shown in Figs. 5E and F, cell sheets (10 mm × 10 mm) formed three-layered tissues with close cell-cell connections. The single-layered hepatocyte sheet was approximately 10 μm in thickness (Fig. 5D ), which increased to 30-40 μm in thickness (Fig. 5E ) for the three-layered sheet. Hepatocytes in the stacked sheet had a cuboidal cell shape, unlike the conventional monolayer culture in which cells exhibit an extended shape. The shape of hepatocytes is closely related to the maintenance of their functions in vitro [28] . Hepatocytes in the three-layered sheet maintained one important liver-specific function, i.e., albumin secretion, even after stacking and 4 d of culture ( Fig. 5F ). Although we left the cell sheets to be attached for a relatively long time period of 3 h in this study, the processing time should be as short as possible in constructing cell sheets with more layers. The time may depend on the type of cells, the size of cell sheets, and the method used for harvesting the cell sheets. In the studies that used a thermo-responsive polymer surface, cardiac cell sheets were attached to each other in the order of minutes [29] . These points comprise the focus of our future investigations.
Spheroid formation and detachment
It is well known that spheroid morphology is preferred for the maintenance and culture of specific cell types including hepatocytes, probably due to close cell-cell interactions and cuboidal shapes as mentioned above. Hepatocytes that are cultured in non-adhesive dishes form 3D aggregates and maintain their specific functions better than those in a 2D monolayer culture [30] . Here, we fabricated the chip for the formation and collection of spheroids ( Fig.   1B ). Hepatocytes inoculated in the chip entered each cavity, gathered at the center of the cavity at 12 h of culture, and spontaneously formed spheroids on the cell adhesion regions within 3 d of culture (Figs. 6A, B) . The spheroids had a smooth surface and consisted of indistinct individual cells (Fig. 6C ).
Spheroids of uniform diameter formed in almost all the cavities at a density of 280 spheroids/cm 2 (Fig. 6D) . The diameter of the spheroids was 178 ± 6 µm (mean ± SD), which was calculated from the image analyses of 10 micrographs in 3 independent preparations of the liver. In large spheroids, cell necrosis occurs within the core of the spheroids since surface diffusion is the only means of oxygen supply due to the absence of blood vessels. Therefore, the uniform regulation of the size of tissue constructs is one of the major issues in tissue engineering. The diameter of a spheroid at the survival limit has been mathematically and experimentally calculated to be in the range of 100 to 200 µm [31, 32] . The conditions for the survival of hepatocytes in the spheroids in the chip were investigated by FDA/EB staining ( Fig. 6E) . Almost all the cells in the spheroids were viable, with only a few dead cells in the core of the spheroids. The chip culture system allows us to control the size of spheroid diameters by changing system parameters such as the cavity diameter, stamp diameter, and inoculation cell number. These abilities may contribute to the estimation of the survival limit diameter of a spheroid in various conditions and to obtain new types of biological knowledge, such as the manner in which several cells need to express tissue-specific phenotypes or the relationship between cell aggregate sizes and cell-cell communication.
The spheroids stably retained their conformation and liver-specific function of ammonia removal for at least 14 d of culture ( Fig. 7) . On the other hand, hepatocytes cultured in a conventional monolayer in type I collagen-coated dishes, rapidly lost the function after 7 d.
While some cell types such as fibroblasts and endothelial cells actively grow and retain metabolism in 2D cultures, cells such as hepatocytes and pancreatic cells need to be cultured under 3D culture conditions [33, 34] .
To harvest the spheroids from the chip, −1.0 V was applied for 10 min at 3 d of culture.
By gentle pipetting, almost all the spheroids in the chip were easily collected ( Fig. 6F ).
Hepatocyte spheroids have been transplanted intraperitoneally, and their effectiveness has been demonstrated in the treatment of animals with liver failure despite a wide distribution range of spheroid diameters [9] . Spheroids with a controlled and uniform diameter might be preferable for cell transplantation and for building up more complex and organized tissues in vitro.
Conclusion
We developed a method for noninvasively harvesting cells from a culture surface by using the electrochemical desorption of adhesive SAM. The method required only applying -1.0 V for 5 min to detach single cells from the substrate. 2D cell sheets were also detached noninvasively in the same manner. Furthermore, the detached cell sheets adhered to other identical cell sheets in succession to form a multilayered cell sheet. The method could also be used to harvest spheroids by the combination of microfabrication and μCP. An unresolved issue of our method is that alkane thiol molecules may remain bound in the cell membrane proteins of the detached cells. Although we have not examined whether the molecules would cause any inflammatory responses in the body after transplantation, no adverse influence on the detached cells was demonstrated. It is noteworthy that cysteine could be used in our approach. Thus, as an alternative, natural or synthetic oligopeptides which contain cysteine and RGD may also be used in our approach. This electrochemical technology could potentially be a useful tool for the fabrication and assembly of such building blocks for regenerative medicine and tissue engineering applications. 
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